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Detection of Sub-critical Arterial Stenoses by Hyperaemic Doppler 
I. C. Currie, Y. G. Wilson, R. N. Baird and P. M. Lamont 
Department of Vascular Surgery, Bristol Royal Infirmary, Bristol, U.K. 
Objectives: This study assessed the potential of hyperaemic Doppler to detect sub-critical stenoses using a flowrig 
model. 
Methods: Pulsatile flow of a blood substitute was produced in a compliant circuit. A cadaver carotid artery, constricted 
by a silk suture produced a variable, focal stenosis. Forty~seven stenoses were created in five arteries. Pressure gradients 
and Doppler measurements were recorded simultaneously across each stenosis at low (200ml/min) and high (400 ml/min) 
flow rates. The change in peak velocities between the arterial segment 2cm proximal to the stenosis (VI ), and the stenotic 
jet (V2) were used to calculate three Doppler indices: (i) V2/V1 ratio, (ii) V2-V1 difference, (iii) a modified 'Bernoulli' 
value. A high flow pressure gradient of ~ 15% of the resting distal pressure (%AP), represented a significant stenosis. 
Results: There was improved correlation between Doppler indices and %AP at high flow (r = 0.87 to 0.88) compared to 
Iow flow rates (r = 0.81 to 0.84). Optimum V2/V1 cut off values were determined by receiver operator characteristic (ROC) 
curve analysis. At Iow flow five sub-critical stenoses were not detected (sensitivity 82.8%) yet all but one of these lesions 
were identified at high flow (sensitivity of 96.6%). The V2-V1 and Bernoulli ndices did not improve on the discriminant 
ability of the V2/V1 ratio. 
Conclusions: The V2/V1 ratio is sensitive to haemodynamic changes at enhanced flow rates across ideal arterial stenoses. 
The potential of hyperaemic Doppler to detect sub-critical lesions and so avoid intraarterial pressure measurements deserves 
further in vivo study. 
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Introduction 
Sub-critical arterial stenoses produce claudication and 
may jeopardise distally placed grafts. Such lesions 
produce insignificant pressure gradients at rest and 
measurements during conditions of increased flow, 
are necessary for diagnosis) "2As resting distal pulse 
pressure is within normal imits, femoral pulse palpa- 
tion is insensitive to sub-critical aortoiliac lesions and 
is not improved by repeating palpation after exercise. 3 
Arteriography provides morphological information 
only and often fails to detect haemodynamically 
significant lesions. 4'5 
The failure of traditional aortoiliac assessment to 
detect haemodynamically significant lesions should be 
appreciated. Undetected sub-critical stenoses may 
predispose to subsequent infrainguinal graft failure. 6 
Intraarterial pressure measurements are superior to 
arteriography in predicting the need for proximal 
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bypass but are time consuming and not universally 
adopted. 7,8 
Non-invasive detection of sub-critical stenoses 
requires a measurement sensitive to resting and 
hyperaemic pressure gradients. Doppler parameters 
have been correlated with resting aortoiliac pressure 
gradients although the number of patients studied 
was small and the influence of hyperaemia not 
investigated. 9-~1 
This study assesses the effects of hyperaemia on the 
relationship between Doppler criteria and aorto- 
femoral pressure gradients using a flowrig model. 
Thus, the potential for non-invasive detection of sub- 
critical stenoses using hyperaemic Doppler was tested 
in vitro. 
Methods 
Initiall}9 a retrospective patient study was performed. 
Sixty patients, with patent iliac arteries, undergoing 
aortoiliac Duplex and intraarterial pressure assess- 
ment as part of a previous study, were reviewed. ~2 
1078-5884/96/010029 + 7 $12.00/0 © 1996 W. B. Saunders Company Ltd. 
30 I .C. Currie et aL 
Resting aortofemoral pressure gradients were corre- 
lated with three Doppler parameters: (i) a peak 
velocity difference (V2-V1), (ii) a peak velocity ratio 
(V2/V1) and (iii) a modified Bernoulli value = 3.97 
(V22 _ V12). 
Flowrig model 
To investigate the association between pressure gra- 
dients and Doppler parameters in vitro, it is necessary 
to reproduce physiological pressure and flow wave- 
forms. A rotary pump driven by a d.c. motor and 
controlled by an electrical signal generator was used 
to produce forward flow for 0.5 s (systole) followed by 
0.5 s of rest (diastole). The pump was capable of a 
variable 'stroke volume' but a fixed rate of 60 beats/ 
min and had a valvular function preventing reflux. 
A compliant circuit consisted of rubber modelling 
balloons placed inside PVC tubing of 8 mm internal 
diameter. This "vessel" had compliance and yet 
strength to withstand the pressures generated. A 
cannulating electromagnetic flow probe (internal 
diameter 5.9mm) was placed in the circuit and 
connected to a Nycotron 376 square wave electro- 
magnetic flowmeter. The compliant circuit returned to 
a reservoir supplying the pump. A variable peripheral 
resistance was placed at the distal end of the circuit 
(Fig. 1). 
The test section consisted of a cadaver left common 
carotid artery placed in series with the compliant 
tubing. All cadaver arteries were unfixed and macro- 
scopically normal. An 0 silk suture was constricted 
about the middle of the test artery using a vernier 
calliper to provide a variable, focal stenosis (Fig. 2). 
A fluid consisting of glycerol 42% saline 58% and 3g 
of sephadex was circulated. This solution had a 6% 
concentration of sephadex by volume and modelled 
the viscosity and acoustic properties of blood. 13 
Pressure proximal and distal to the test section was 
recorded using 100 mm manometer tubing and two 
Hewlett Packard 1280C pressure transducers. Flow, 
proximal and distal pressure waveforms were simul- 
taneously sampled at 100 Hz using a 1401 data 
acquisition system and Spike2 software (Cambridge 
Electronic Design, Cambridge, U.K.). 
The test section was insonated by a 5 MHz linear 
array transducer held on an adjustable clamp and 
connected to an ATL Ultramark 9 HDI colour Duplex 
(Advanced Technology Laboratories, Letchworth, 
U.K.). 
To produce a low flow rate, the pump output was 
constant and the peripheral resistance adjusted to 
produce a flow rate of 200 ml/min, measured by 
timed collection. This is analogous to the physiological 
reduction in peripheral resistance which occurs distal 
to a stenosis to maintain a normal resting flow rate in 
claudicants. To produce a high flow rate, the periph- 
eral resistance clamp was opened maximally and the 
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Fig. 1. A Flowrig model of arterial stenoses. EMF = electromagnetic flowmeter, P1 = proximal pressure, P2 = distal pressure. 
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Fig. 2. Test section of artery constricted by a variable stenosis. 
Forty-seven stenoses were produced in five cadaver 
arteries. The peak systolic pressure gradient was 
recorded across each stenosis at low (200 ml/min) and 
high (400 ml/min) flow rates. Simultaneously, Dop- 
pler recordings were measured 2 cm proximal to the 
stenosis and within the stenotic jet. The angle of 
insonation was between 55 ° and 60 ° and a 1.5 mm 
sample volume used. Doppler gain was adjusted to 
give the optimal signal and care taken to record the 
maximum velocity within the stenotic jet. A low flow 
recording was followed immediately by a high flow 
measurement for each stenosis. Using M mode ultra- 
sound the arterial diameter of the normal artery and 
test stenosis were measured to provide an estimate of 
the degree of arterial constriction. The high flow 
pressure gradient was expressed as a percentage of the 
resting distal pressure (%dP). This value provides a 
single index of the haemodynamic effects of a stenosis 
at high and low flow. 14 The peak systolic velocity 2 cm 
proximal to the stenosis (V1) and within the stenosis 
(V2) were used to calculate the three Doppler criteria 
of haemodynamic significance used in the previous 
patient studies. 
A %dP of ~ 15% was used to diagnose significant 
stenoses.14 
Statistical analysis 
The Doppler criteria were measured at low and high 
flow rates and compared to the % dP for each stenosis 
using linear regression. The 95% confidence intervals 
for the regression equation was calculated. 
The optimum diagnostic ut-off values for the three 
Doppler criteria at low and high flow rates were 
determined by receiver operator characteristic (ROC) 
curve analysis, using a %dP of ~ 15% to diagnose a 
haemodynamically significant lesion. 15 
Optimal diagnostic cut-off values were used to 
determine the sensitivity and specificity for each 
Doppler parameter at high and low flow. The 95% 
confidence intervals for changes in sensitivity of 
Doppler criteria between low and high flow were 
calculated using a paired proportions method, is
Using the regression equations determined for each 
Doppler parameter it is possible to calculate a %dP 
value from the V1 and V2 values. However, the 
variability of this non-invasively determined %dP will 
be important, particularly for borderline stenoses with 
a true %dP of 15 mmHg. Thus, the 95% prediction 
interval for each Doppler parameter was calculated at 
a %dP of 15 mmHg using the S.D. of the values of %dP 
predicted by the regression equations. 15 
Results 
In the patient studies a modified Bernoulli equation 
showed a poor correlation with resting aorto-femoral 
pressure gradients (r = 0.54) compared to the V2-V1 
value (r=0.63) and the established V2/V1 ratio 
(r = 0.63). 
The proximal compliance of the flowrig model was 
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insufficient o model hyperaemic forward diastolic 
flow which fell to 0 at 400ml/min. The systolic 
pressure and flow waves at rest and hyperaemia were 
adequately modelled by the flowrig and were com- 
pared to pressure gradients. 
The mean peak Reynold's number for a 50% 
stenosis was 733 at low flow and 1855 at high flow in 
the unobstructed section of the five arteries tudied. 
The relationships between %dP and the peak 
velocity ratio (V2/V1) and peak velocity difference 
(V2-V1) are shown in Figs. 3 and 4. A regression line is 
shown for each parameter assuming a linear relation- 
ship. (Logarithmic transformation or taking the square 
root of Doppler parameters did not improve the 
correlation with % dP). Both Doppler parameters show 
increasing variability with tighter stenoses. The 
V2/V1 ratio is relatively flow insensitive with little 
change in the slope against %dP at enhanced flow 
rates. The slopes of both the Bernoulli value and 
V2-V1 difference, change as flow increases and thus 
these parameters appear flow sensitive. The values of 
both the V2-V1 difference and the Bernoulli value for 
a given stenosis are greater at high flow than at low 
flow rates as is the pressure gradient. However, the 
V2/V1 value shows little change with increasing flow 
across a given stenosis. 
The sensitivities, specificity's and optimum diag- 
nostic values of the Doppler criteria are shown in 
Table 1. All Doppler parameters how an improve- 
ment in sensitivity with higher flow rates. The 
Bernoulli value showed the largest improvement in 
sensitivity with hyperaemia (95% CI = 1.84 to 19.44% 
improvement in sensitivity). The V2/V1 ratio showed 
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Fig. 3. Relationship between %dP and V2/V1 ratio at low and high flow rates. 
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Fig. 4. Relationship between %dP and V2-V1 at low and high flow rates. 
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Table 1. Diagnostic utility of Doppler criteria at low and high flow 
rates 
Cut-off Sensitivity (%) Specificity (%) 
Low flow 
V2/V1 3.2 82.76 83.33 
V2-V1 160 cm/s 86.21 77.78 
Bernoulli 20.7 mmHg 79.31 77.78 
High Flow 
V2/V1 3.25 96.6 83.33 
V2-V1 238 cm/s 96.6 83.33 
Bernoulli 40 mmHg 96.6 83.33 
Table 2. 95% Prediction Range of Doppler indices for %dP of 
15 mmHg 
Lower 95% Upper 95% Range % Variation 
(mmHg) (mmHg) (mmHg) 
V2/V1 low flow -0.12 30.12 30.24 201.6 
V2/V1 high flow 3.86 26.14 22.28 148.5 
V2-V1 low flow 0.345 29.65 29.30 195.3 
V2-V1 high flow 3.86 26.14 22.28 148.5 
Bernoulli low flow 0.19 29.81 29.62 197.5 
Bernoulli high flow 2.78 27.22 24.44 162.9 
hyperaemia (95% CI = 0.5 to 16.5%) compared to the 
V2-V1 difference (95% CI = -0.62 to 13.38%). At low 
flow rates, 5 sub-critical stenoses were not detected by 
the V2/V1 ratio. All but one of these lesions were 
detected by repeating Doppler assessment of the 
V2/V1 ratio at high flow. Improvement in diagnostic 
ability of V2/V1 at high flow rates is due to reduced 
variation in this ratio for borderline stenoses at high 
flow rates. Thus, the relationship between high flow 
V2/V1 and % dP is more predictable with an improved 
sensitivity. 
The 95% prediction interval for each parameter ata 
%dP of 15 mmHg is shown in Table 2. The variation 
for each parameter is reduced with high flow rates. 
Discussion 
Physiological pressure and flow waves are the result 
of an interaction between cardiac output, arterial 
compliance peripheral resistance and sites of wave 
reflection. Reproduction ofphysiological pressure and 
flow waveforms i difficult. The flowrig model failed 
to reproduce diastolic forward flow although the 
systolic components of these waveforms approxi- 
mated those in the common femoral artery. In addition 
the flowrig enabled the flow rates and variable 
stenoses to be closely controlled. Reproduction of flow 
rates is difficult in animal models unless cardiac 
pacing and pharmocological manipulation of periph- 
eral resistance are undertaken. 16-q8 
The three Doppler parameters measured are related 
to the increase of kinetic energy within the stenosis 
relative to the unobstructed artery. If pressure gra- 
dients were due solely to the loss of this additional 
kinetic energy in post-stenotic turbulence, a close 
relationship between pressure gradients and Doppler 
parameters would be expected. However, viscous 
energy losses and the expenditure of energy in the 
acceleration and deceleration fpulsatile flow account 
for additional pressure losses which are difficult to 
estimate. ~9,2° 
The focal variable stenoses were ideal for measure- 
ment of peak stenotic velocities. Arterial lesions 
encountered in the patient studies were rarely focal 
constrictions and this may be one reason for the poor 
correlation of Doppler parameters with pressure 
gradients in patients compared to the flowrig model. 
The distance between the Duplex transducer and 
artery was lcm through water. This short distance 
enabled high Doppler frequency shifts to be detected 
using a 5MHz pulsed Doppler. In the patient assess- 
ments, the distance between artery and probe may be 
much greater and thus accurate detection of fast 
velocities occurring in tight stenoses i  hampered by 
aliasing, de Smet compared pressure gradients to the 
V2/V1 ratio in patients and advised varying the 
diagnostic cut off V2/V1 ratio between 2 and 3 
depending on whether ahigh sensitivity or specificity 
was requiredY Legemate used a value of 2.5 as a 
diagnostic riterion but was unable to detect 25% of 
haemodynamically significant stenoses by duplex or 
arteriography and postulated the use of hyperaemic 
Doppler to improve sensitivity. 22
Our results confirm Legemate's h~pothesis that the 
V2/V1 ratio is flow insensitive. However, the 
reduced variability at high flow rates of the V2/V1 
ratio produced a significant improvement in diag- 
nostic ability. At high Reynold's numbers, the pressure 
losses across tenoses become increasingly dominated 
by energy losses in post stenotic turbulence compared 
to viscous and inertial energy losses. 19'2° The V2/V1 
ratio would appear to be sensitive to these turbulent 
energy losses (as is the Bernoulli equation). Thus, at 
high flow rates, as total pressure gradient is domi- 
nated by turbulent losses, the relationship with V2/V1 
becomes less variable. 
Using repeated measurements of model stenoses in 
a flowrig, Whyman found much less variation in 
V2/V1 ratios for each stenosis compared to this 
study. 23 In borderline stenoses, variation in V2/V1 
may lead to misclassification f stenoses and incorrect 
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management. The use of Doppler to predict pressure 
gradients across heart valves is prone to a large 
variability in mild to moderate stenoses. 24The wide 
range in the prediction intervals for each parameter, in
this study even during high flow, may detract from the 
clinical value of Doppler in these lesions. 
Legemate studied V2-V1 in patients and found a 
resting value of between 140cm/s and 150cm/s to be 
optimal for the diagnosis of significant lesions. 11 This 
is similar to the optimal ow flow V2-V1 cut off value 
of 160cm/s in this study. The V2-V1 value is flow 
sensitive and would be expected to vary both with the 
area reduction produced by the stenosis and the flow 
rate as do pressure gradients. If hyperaemic V2-V1 is 
used clinically it will be important to correct he value 
for flow rate. 
The Bernoulli value is the only Doppler criteria used 
widely to predict pressure gradients in vivo yet has a 
large variability both clinically and experimen- 
tally. 1°'24 The Bernoulli equation failed to improve on 
simple Doppler criteria for haemodynamic signifi- 
cance. Although useful in assessment of valvular 
stenoses, the Bernoulli equation provides little advan- 
tage over simpler Doppler parameters in the stenoses 
studied. Pressure gradients are determined largely by 
the area reduction of individual stenoses and the flow 
rate. The haemodynamic effects of length3~ diffuse, 
non-axisymmetric lesions are difficult o predict using 
existing Doppler parameters yet such lesions are 
frequently encountered in patients. 
Conclusions 
In a flowrig experiment, measurement of the V2/V1 
ratio at enhanced flow rates was found to have a more 
predictable relationship to haemodynamic variables 
than values at low flow rates. This enabled improved 
detection of sub-critical arterial stenoses. 
The V2-V1 difference was flow sensitive and also 
permitted detection of sub-critical stenoses when 
measured at high flow rates. The prediction interval 
for both these parameters was considerable and is a 
source of concern if Doppler is to be used to predict 
pressure gradients in patients. While most arterial 
lesions will be readily classified on existing Doppler 
criteria performed at resting flow rates, the potential 
of hyperaemic Doppler to classify borderline lesions 
deserves further in vivo study. 
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